six or more hypertrophied, sham-operated control, and normal solei were removed following decapitation of the rats and studied in a myograph.
In the hypertrophied group, muscle weight increased rapidly during the first 2 postoperative days ( A LTHOUGH HYPERTROPHY is a characteristic response of both heart ( 17) and skeletal muscle ( 10) to an increased work load, the effects of this process on the contractile properties of the muscle are incompletely characterized. In heart muscle, the effects of hypertrophy on contractile force expressed per unit of mass have been a matter of controversy.
Kerr Lucite clip which formed a rigid extension of a force transducer (Statham Gl-4250). The proximal tendon was tied with a short length (3-4 cm) of wetted Ethicon 4-O braided silk to a straight wire which was connected to the tip of an isotonic lever system. The lever had a 25: 1 arm ratio with an equivalent mass of less than 200 mg ( 18). Each muscle was stimulated (AEL Laboratory stimulator 104A) with platinum mass electrodes placed parallel to the muscle. Tetanic stimuli (5 msec duration and 100 per set, with a voltage 20 % above threshhold)
were delivered for 1 set at intervals of 1 min. Single stimuli of the same voltage and duration were used in studies of twitch tension. Length and tension changes along with a stimulus artifact were recorded on a multichannel oscillographic recorder. Maximum isotonic velocity was measured from the shortening trace and the LESCH ET AL. maximum rate of tension development from the tetanic isometric contraction.
The duration of maximum active state was measured as the time from the end of the stimulus train to the first perceptible fall in tetanic tension. After allowing the muscle to stabilize for several minutes under isometric conditions, muscle length was adjusted to L., the length at which tetanic tension was maximal (PO). In some groups of muscles, complete force-velocity curves were also determined.
Muscles from each of the three groups were studied in alternate sequence to avoid systematic errors of technique.
Muscle lengths were measured at L,, wet weights of the experimental solei were determined at the conclusion of the experiment, and assuming a cylindrical shape for the muscle, average cross-sectional areas were calculated. Since only wet weights were determined for those muscles which were studied in the myograph, a separate group of 38 animals were prepared for the sole purpose of measuring changes in both wet and dry weights. In these rats, tenotomy was performed on the left leg with a sham procedure on the right. Groups of 9 or 10 animals each were sacrificed at 1, 2, 4, and 6 days postoperatively and both solei removed.
Wet weights of the solei were obtained immediately, while dry weights were determined following lyophilization.
Only changes in wet and dry weights, and not mechanics, were determined on these muscles.
All Figure 1 illustrates the percent change in the wet weight of the muscles as a function of time for the three groups. In the hypertrophied group, a substantial increase in wet weight was evident 1 day after operation, reaching a maximum of 7 1 f 10 % at 2 days. The 5-l 5 % increase in wet weight in the sham group presumably resulted from operative trauma and edema, although both the hypertrophied and sham-operated muscles grossly appeared normal.
Histology showed only a minor inflammatory reaction which was entirely limited to the distal end of the muscle adjacent to the operative site. Further, there was a slight increase in the wet weight of all normal muscle groups studied in the myograph as compared to the contralateral unstudied solei, suggesting minimal fluid absorption from the bath.
Dry weights were not obtained on any muscles studied in the myograph.
To evaluate changes in both wet and dry weights, therefore, a separate group of solei were weighed but not studied in the myograph.
In this separate experiment 38 animals were used; the left leg of each was tenotomized, while a sham procedure was performed on the contralateral leg. By comparing the hypertrophied muscle to its contralateral sham-operated control, the percent hypertrophy on a wet-and dry-weight basis was determined (Fig. 2) . At 1 day a 29.7 f 1.7 % increase in wet weight and a 12.6 f 1.7 % increase in dry weight was found in the hypertrophied muscles as compared to the contralateral sham-operated solei. Maximum hypertrophy was found at 4 days with a 48.0 f 6.0 % increase in wet weight and a 27.0 f 5.0 % increase in dry weight.
The percent dry weight for each group of muscles was calculated by dividing the dry weight by the wet weight. A small but significant decrease in percent dry weight was found in the hypertrophied groups as compared to the sham-operated groups, the former averaging 20.2 f 0.2 %, while the latter averaged 23.0 f 0.2 % (P < 0.01). The average percent dry weight of solei from unoperated normal rats in this laboratory is 23.9 f 0.1 %, a value slightly but significantly larger than that of the sham-op- 
FIG. 3. Tetanic tension (g/mm2)
, maximum rate of tension development normalized for cross-sectional area (g/sec/mm2) and duration of maximum active state (msec) of the hypertrophied muscle groups expressed as a percent of the corresponding shamoperated groups. The mean f SEM and number of muscles in each group are indicated. erated animals of the present study, attesting to the minor amount of operative edema.
II. Contractility Studies
Tetanic tension. The effects of hypertrophy on isometric tension development are summarized in Table 1 . In the hypertrophied muscles, tetanic tension (PO) and the maximum rate of tension development corrected for cross-sectional area were significantly reduced at 1, 2, 4, and 6 days following operation as compared to the sham-operated controls (Fig. 3) . The hypertrophied muscles were compared only to the sham-operated group to negate any effects produced by the operative procedure. The total tetanic tension produced by the hypertrophied muscles was essentially unchanged until 6 days following operation, when it increased slightly, but significantly (P < .05) (Fig. 4) . The twitch tension (P), determined at 6 days was also reduced, as was its maximum rate of tension development (Fig. 5) . Nevertheless, the ratio P/P,, was not significantly altered, averaging .273 f .018 in the hypertrophy group and .307 f .020 in the shamoperated group.
Duration and decay of active state. The duration of the maximum intensity of active state was unaltered in the hypertrophied muscles at 1 and 2 days but was significantly prolonged at 4 and 6 days (Fig. 3, Table 1 ). However, the exponential decline in tetanic tension during the relaxation phase of contraction was the same for all studies. Further, in line with the prolongation of the duration of active state which was noted in tetanic contractions, the time from stimulation to peak isometric twitch tension 25 r LESCH ET AL. was prolonged at 6 days from 143 f 5 to 168 f 4 msec (P < 0.01) (Fig. 5) .
Force-velocity relations. The relation between force (load) and velocity of shortening at L, was determined for the 6-day group (Fig. 6) . At any given load the velocity of shortening of the hypertrophied muscles was significantly reduced. The maximum velocity of shortening of the unloaded muscle (V,,,) was calculated from a linear form of the Hill equation ( 14) as has been previously described (20). V,,, was reduced from 1.82 f .03 in the sham-operated group to 1.69 f .02 muscle lengths/set in the hypertrophy group (P < .05). Similarly, P, was reduced from 20.0 f 0.4 in the sham-operated group to 16.9 f 0.9 g/mm2 (P < 0.01) in the hypertrophy group.
DISCUSSION
The present data confirm the fact that an acute increase in work load, imposed on the soleus muscle of the rat by tenotomy of its synergistic gastrocnemius and plantaris muscles, results in a rapid increase in muscle mass, which is clearly evident 24 hr postoperatively. In other studies with this same preparation, dry and wet weight as well as myofibrillar protein content were elevated at 2 and 4 days ( 13) (unpublished data).
It is widely assumed that work-induced hypertrophy of skeletal muscle is always associated with improved muscle function (10). In order to evaluate the contractility of the hypertrophied muscle, however, it is essential to examine the tension developed per unit mass as well as the total tension developed by the enlarged muscle, since the latter may be normal or even increased while the function per unit mass is actually reduced.
In this study force development was expressed as tension per unit cross-sectional area, a standard accepted 6 ooys POSI -0P method of comparing muscles ( 14). To negate the slight increase in weight associated with operative edema, hypertrophied muscle groups were compared to sham-operated groups, since both groups had undergone the same operative procedure. This comparison showed that the hypertrophied muscles had a slightly increased water content as compared to the sham-operated controls, which suggests that the process of hypertrophy itself was associated with a slight increase in water content entirely unrelated to the operative procedure.
In this study total isometric tension was essentially unchanged during the first 4 postoperative days, while tetanic tension per unit cross-sectional area of muscle (PJ was substantially reduced. At 6 days, total tension was actually increased; nevertheless, P, remained depressed.
Alternatively, developed tension could be expressed per unit dry weight. Although dry weights were not obtained on the muscles studied in the myograph, an extrapolation of the dry and wet weights obtained in the separate group of animals would alter the results of Fig.  4 as follows: tetanic tension of the hypertrophied muscles at 1 day would be 92 & 3 % of the sham-operated controls (KS); at 2 days, 80 =t 4 % (P < .05); at 4 days, 84 =t 4 'I; (P < .05); and at 6 days, 95 + 4 % (NS). At 1 day the maximum rate of tension development of the hypertrophied muscles would be 82 & 2 % of the sham-operated controls (P < .05); at 2 days, 67 & 4 % (P < .05); at 4 days, 72 + 4 % (P < .05); and at 6 days, 74 & 4 % (P < .05).
Thus, whether tension is expressed per unit of wet or dry weight, it is clear that during the process of acute hypertrophy a temporal dissociation exists between increased muscle mass and an increase in normalized tension development.
It was considered that part, if not all, of the reduction of P, in hypertrophy as measured in vitro could have been due to an increase in muscle thickness resulting in a limitation of oxygen diffusion into the core of the muscle. This possibility, however, was excluded by a study of normal solei with cross-sectional areas as great as 3.9 mm2 obtained from rats of varying weight. Total tetanic tension in these normal muscles increased linearly with crosssectional area (r = 0.90, P < .OOl), indicating that the cross-sectional area of the muscle did not influence the results in the mechanical studies. Cross-sectional areas of hypertrophied muscles in this study ranged from only 1.36 to 2.78 mm2.
In addition to the reduction of P, in hypertrophied muscles, at 6 days the maximum velocity of shortening (, V,,,,,) and th e maximum rate of tension development were significantly depressed. Furthermore, despite an increase in total tetanic tension development (Fig. 4) , the absolute rate of maximum tension development was reduced from 131 & 3 g/set to 119 & 5 g/set (P < 0.05) when compared to the sham-operated group. This decrease in the absolute rate of tension development is consonant with the observed reduction in V,,,. The reduction in V,:,, associated with an increased
